We analyze the decays K → π ν and P → ν (P = K, π, = e, µ) using a low-energy EffectiveField-Theory approach to parametrize New Physics and study the complementarity with baryon β decays. We then provide a road map for a global analysis of the experimental data, with all the Wilson coefficients simultaneously, and perform a fit leading to numerical bounds for them and for V us . A prominent result of our analysis is a reinterpretation of the well-known V ud − V us diagram as a strong constraint on new physics. Finally, we reinterpret our bounds in terms of the SU (2) L × U (1) Y -invariant operators, provide bounds to the corresponding Wilson coefficients at the TeV scale and compare our results with collider searches at the LHC.
I. INTRODUCTION
The K → π ν (K 3 ) and P → ν (P 2 ) decays, where P = π, K and = e, µ, boast one of the most precise data bases in hadronic weak decays [1] [2] [3] [4] . The hadronic form factors necessary to describe these processes are flagship quantities for lattice QCD (LQCD) and the theoretical accuracy at which they are calculated is now below the percent level (relative uncertainty) [5, 6] . Much work has also been done in Chiral Perturbation Theory (ChPT) and using dispersive methods to understand analytically low-energy theorems and small contributions to the decay rates such as isospin breaking and the electromagnetic radiative corrections [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . This makes P 2 and K 3 ideal flavor benchmarks to test the CabibboKobayashi-Maskawa (CKM) structure in the Standard Model (SM) and to search for new physics (NP). In fact, a systematic search of NP effects in (semi)leptonic kaon decays is particularly interesting at the moment as several anomalies have been recently reported in flavor observables such as B decay rates [22] [23] [24] [25] [26] [27] [28] [29] or KK mixing [30] .
An optimal tool to perform such analysis is that of Effective Field Theory (EFT), which allows us to test the SM in a model-independent way. In fact, in addition to studies within specific NP scenarios [1, 2, [31] [32] [33] [34] [35] [36] [37] , the EFT language has been introduced [1, 2, 38] . However, an EFT approach has not been used yet for global studies of the s → u transitions beyond the U (3)
5 -symmetric limit 1 where the only NP probe is the CKM unitarity test, given by precise determinations of |V us | and |V ud | [38] . Notice the difference with the d → u decays, where global EFT fits have been performed by various groups [39] [40] [41] .
In this paper we amend these limitations, giving the natural next step in the analysis of (semi)leptonic kaon decays:
• We do not assume any flavor symmetry, generalizing in this way the phenomenological EFT analysis performed in the U (3) 5 -symmetric limit in Ref. [38] .
• We keep all operators at the same time. Notice that non-trivial correlations are possible, not only between NP Wilson coefficients (WC) but also involving QCD parameters that are extracted phenomenologically. This generalizes previous works [1, 2, 32] , which are covered by our study as specific cases, as we will explicitly show.
1 U (3) 5 refers to the flavor symmetry of the SM gauge Lagrangian, i.e. the freedom to perform U (3) rotations in family space for each of the five fermionic gauge multiplets:
• We investigate the complementarity with nuclear, neutron and hyperon β decays, which are driven by the same underlying D → u ν transition (D = s, d).
• We provide numerical bounds for the WC. They are to be confirmed by the experimental collaborations taking into account certain correlations not publicly available.
• We match with the so-called SMEFT, i.e. the EFT of the SM at the electroweak (EW) scale, with a linear realization of the electroweak symmetry breaking [42] . This makes possible to study the interplay with high-energy searches, as it was done in Ref. [38] in the limit of the flavor symmetry U (3) 5 . Notice that these flavor-physics studies are fairly clean probes of a small number of WC (compared with searches in colliders).
Thus, an interesting degree of complementarity is expected.
Let us stress that our analysis includes the SM limit as a specific case. In fact our output are not only the bounds on the various WC, but also the V us and V ud CKM matrix elements, and includes various QCD form factors parameters. In the SM limit we recover the most precise of them [2, 43] , with small improvements due to the inclusion of the individual rate of K µ2 as a separate input and the Callan-Treiman theorem.
The outline of the paper is the following. In Sec. II we briefly introduce the EFT framework, which we use in Sec. III to analyze the channels K → π ν, P → ν (P = K, π) and baryon β decays. This section contains all the relevant formulas, expressing our observables in terms of the parameters of our fit. Sec. IV describes how to analyze experimental data with all WC present simultaneously. Sec. V describe the numerical aspects of our analysis and the results of our fit. Then, Sec. VI contains the running of our bounds to the EW scale, the translation to the SMEFT WC and a brief comparison with LHC searches. Finally, in
Sec. VII we conclude.
II. THE LOW-ENERGY EFFECTIVE LAGRANGIAN
The low-scale O(1 GeV) effective Lagrangian for D → u transitions (D = s, d) is [38] : 
where we use σ µν = i [γ µ , γ ν ]/2 and G (0)
is the tree-level definition of the Fermi constant. The latter is obtained from muon decay, which can be also affected by NP effects entering through the normalization of the µ → eν µνe effective vertex [38] :
In the derivation of the effective Lagrangian in Eq. (1) we have assumed that potential right-handed neutrino fields (sterile with respect to the SM gauge group) are heavy compared to the low-energy scale. 2 We focus on CP -even observables, and therefore only the real parts of the WC will interfere with the SM. For the sake of brevity we will write simply i instead of Re( i ) hereafter.
coefficients carry a ∼ v 2 /Λ 2 dependence on the NP scale Λ and in the SM they vanish leaving the V − A structure generated by the exchange of a W boson. If the NP is coming from dynamics at Λ v and electro-weak symmetry breaking is linearly realized, then one can use an SU (2) L × U (1) Y invariant effective theory [38, 42, 44, 45] . In this case [32, 38, 46] :
so that, up to a subleading corrections in the EFT expansion, a NP effect involving a righthanded current necessarily involves a Higgs-current fermion-current operator [42] and its contribution must be lepton universal.
Taking into account the points above, and working to linear order in the NP couplings, we can re-express the Lagrangian (1) as [47] :
In addition toṼ Lagrangian is convenient as it allows to separate the effects of a combination of currentcurrent operators affecting the normalization of the rates and which can be only accessed through CKM-unitarity and lepton-universality tests.
A. Renormalization and scale running of the Wilson coefficients
The WC display renormalization-scale dependence that is to be canceled in the observables by the opposite dependence in the quantum corrections to the matrix elements of the decays. For instance in QCD we have, at one loop:
where α s is the strong structure constant, β 0 = 11 − 2/3N f is the one-loop QCD β-function coefficient for N f dynamical quark flavors, and γ L,R = 0, γ S,P = −4 and γ T = 4/3 are the one-loop coefficients of the corresponding anomalous dimensions.
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One can also consider the renormalization of the effective operators with respect to electroweak corrections. Although they are very small, they are important for the accuracy of the SM predictions [48, 49] , and they induce mixing among certain NP operators that can have interesting phenomenological consequences [50] [51] [52] [53] . In our case it is important to take into account the mixing they induce between the (pseudo)scalar and tensor operators, since π 2 and K 2 set very strong bounds on the pseudoscalar couplings. Expressing the results obtained in Ref. [52] in terms of the WC (µ) = (
where
III. DECAY OBSERVABLES
In this section we calculate the various observables relevant for our analysis in terms of the low-energy WC i . All the calculations are performed at tree level and the only loop effect taken into account will be the (log-enhanced) running of the Wilson Coefficients described in the previous section.
Nonetheless, it is interesting to notice that our expressions are actually valid at any loop order if the i couplings were defined at the amplitude level for each channel (see Ref. [54] for a similar description of Higgs decays). The matching to the low-energy EFT can then later performed at any desired order. Since here we match at tree level we do not make this distinction.
A. π 2(γ) and K 2(γ)
The photon-inclusive 4 decay rates are given by
where D = d, s for P = π, K respectively, f P ± is the QCD semileptonic decay constant of
em is the corresponding electromagnetic correction and ∆ P 2 contains the NP correction not absorbed inṼ uD .
The electromagnetic corrections are given by [16, 17, 49, 55] 1 + δ
where α is the structure constant, S ew = 1.0232(3) [49] encodes universal short distance corrections to the semileptonic transitions in the SM at µ = m ρ and F (z) describes the leading universal long-distance radiative corrections to a point-like meson [48, 49] . The constant c P 1 encodes hadronic structure effects that can be calculated in Chiral Perturbation Theory [15] [16] [17] . These corrections are at the 1 − 3% level with an uncertainty quite smaller than the current one of f P . 4 Depending on the channel it might be more convenient (experimentally) to define this rate as fully photoninclusive (P = π case) or to include only the "internal-bremsstrahlung" contribution (P = K case).
The NP contribution enters at tree level from the Lagrangian in Eq. (4):
where in the second line we have linearized in the WC by expanding up to leading order in the EFT expansion. A very important feature of P 2 is its high sensitivity to pseudoscalar contributions because they lift the chiral suppression of the SM. This appears in Eqs. (9, 11) in the coefficients of D P which are multiplied by the inverse of the lepton masses. Besides that, partial conservation of the axial current (PCAC) implies the appearance of the quark masses also in the denominators, although always in combination with the meson masses squared in the numerator. Note that the latter combination can be re-expressed using the Gell-Mann-Renner-Oakes equations as m
B 0 , which is a nonperturbative parameter that is related to the quark condensate and the pion semileptonic decay constant,
2.5 GeV. Hence, the contributions from the pseudoscalar operators to the electronic (muonic) mode are enhanced by a factor ∼ 5000 (∼ 25) with respect to the SM. This means that the linearization performed in Eq. (11) is only valid for very small values of the WC i . We will assume this is the case in the initial numerical analysis, and, afterwards, we will discuss how the limits are relaxed once we take into account the very narrow region in the parameter space where quadratic corrections dominate.
The theoretical uncertainty in the SM prediction of these decays can be minimized by taking convenient ratios among the four possible (CP-averaged) channels. The leptonuniversality ratios R P = Γ(P e2(γ) )/Γ(P µ2(γ) ) have been very accurately predicted in the SM because the decay constants f P ± cancel exactly in the ratio and the radiative corrections are known up to order O(e 2 p 4 ) because the constant c [16, 17] . The dependence on the NP coefficients of R P is:
Note that the dependence on NP right-handed currents completely disappears at this order as a consequence of Eq.
, as this combination of WC will appear several times in our analysis.
The ratio R = Γ(K 2(γ) )/Γ(π 2(γ) ) is interesting because f K /f π [5] is calculated in the lattice more accurately than the decay constants separately and the combination of radiative corrections entering is independent of the low-energy constants in the hadron-structure functions c P 1 at O(e 2 p 2 ) [21] . From this ratio one can obtain
Notice that R is not only sensitive to the NP-modified CKM elements |Ṽ us |/|Ṽ ud | but also, and independently, to the right-handed or pseudoscalar operators. Last, we note that this result is in agreement with Ref. [1] (Eq. 2.37).
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B. P 2γ
For the sake of completeness we discuss now briefly radiative pion and kaon decays, P → νγ (P 2γ ), as NP probes. In addition to the QED correction (internal-bremsstrahlung) to the P → ν decay, we have the so-called "structure-dependent" terms which can be extracted separately from experiment [56] [57] [58] ; in the SM they depend on P → γ hadronic form factors and some of them are not chirally suppressed [3, 59] . The interest of P 2γ in the context of NP is that their kinematic distributions are sensitive to the tensor operator [60, 61] , which enter with new form factors [62] (q = p − k):
although G P T is kinematically suppressed in the amplitude and can be neglected in first approximation. In fact, the PIBETA collaboration has obtained a stringent constraint on 5 The relation between their WC and ours is the following: c these contributions in π e2γ [57] that, using the calculation of F π T obtained in Ref. [62] , leads to the bound [47] :
Similar experimental analyses have not been performed with π µ2γ or K 2γ yet, where the experimental precision is not so high. Calculations of the kaon tensor form factors are also lacking, while the muonic channels are expected to be less sensitive to tensor interactions, as they are dominated by the internal-bremsstrahlung part.
Finally, the structure-dependent terms also depend on the vector and axial D → u ν currents (e.g. the SM) and, therefore, on |Ṽ uD | and D R . However, in order to provide competitive values for these quantities one would need high-accuracy data and LQCD results for the corresponding SM form factors.
In the SM, the K → π ν decay amplitude depends on the hadronic matrix element [1] :
where the K 0 π − channel is taken as reference, P = p + k and q = p − k. The f − (q 2 ) can be written in terms of f + (q 2 ) and the scalar form factor f 0 (q 2 ) using the conservation of the vector current in QCD,
Finally, in presence of a tensor operator a new form factor appears [1] :
Kinematical distribution
First let us briefly review the situation in the SM [1, 2] . There are various methods proposed for the parametrization of the q 2 dependence of the form factors. The conventional one relies on a Taylor expansion,
where the higher orders terms are negligible in the kinematic range of the decay,
. These parameters are customarily fitted to the kinematic distributions of the decay (or Dalitz plot) [63] [64] [65] [66] [67] [68] [69] [70] , allowing for a calculation the phase-space integral (see next subsection).
The Taylor-expansion parametrization introduces a number of parameters which can not be always determined experimentally free of ambiguities and more efficient parametrizations have been proposed [1, 11, 20, 32] , incorporating physical constraints to reduce the number of independent parameters. In particular, for f 0 (q 2 ) one can use a dispersive representation [11, 20, 32] that allows one to relate all its slope parameters to a single quantity that needs to be measured and that is chosen to be log C, where
Importantly, the value of this quantity can be determined very precisely in QCD using the Callan-Treiman theorem (CTT) [71] 
) correction calculated using ChPT [8, 72] .
It is also interesting to note that LQCD calculations of the q 2 -dependence of the SM form factors have recently appeared [73] , although their precision is still smaller than the experimental determinations. Their inclusion in the future should be straightforward and it should help obtaining a more precise |Ṽ us | determination and stronger NP bounds, while at the same time making the SM calculations more robust.
Scalar and tensor operators modify the kinematic distribution and they should be determined together with the form factor parameters in the fits to the Dalitz plots. First of all, their interference with the SM is proportional to the lepton mass due to their chiralityflipping nature. A consequence of this is that the dependence on the corresponding WC for the electronic mode is, in very good approximation, quadratic and their kinematic distributions are SM-like at leading order of the EFT expansion.
In the muon channel, the effect of the scalar operator can be absorbed in the scalar form factor [1] . This can be easily seen at the very amplitude level:
where the dots correspond to the tensor contribution that we discuss below. Since this effect vanishes for q 2 = 0, it is easy to see that the whole effect of a scalar interaction ends up hidden in the q 2 -dependence of the scalar form factor f 0 (q 2 ). If precise values for f + (0) and f K /f π are provided in QCD, the CTT gives a very accurate prediction of this form factor
π , which allows to separate sµ S from the experimental measurement:
On the other hand, the tensor term can not be described by a simple re-definition of the SM contributions. This can be appreciated better by looking at the differential decay rate in terms q 2 and the angle θ defined in the q rest frame by the 3-momenta of the charged lepton and the one of the recoiling pion, k:
denotes the scalar form factor modified by NP, δ cµ em (q 2 , θ) are radiative corrections and δ c is the isospin-breaking correction for the charged kaon channel, which can be obtained in
ChPT [9, 12, 15, 18, 19] . It is evident that the tensor operator introduces a characteristic dependence on q 2 and θ that is different from the SM.
Total rates
The photon-inclusive K 3 total decay rates can be written as [1] 
where δ c em is the integrated radiative correction and I K (λ +,0 , s S,T ) is the phase space integral, where λ +,0 should be interpreted as a generic reference to the parameters describing the q 2 dependence of the form factors. Its expression is given by
Let us notice that the tensor contribution to the total rate, I T , does not agree with the result shown in the 2008 Flavianet report [1] .
To determine the total rates beyond the SM one first needs to perform a global fit of the form-factor parameters and s T (provided a value for B T ) to the kinematic distribution in Eq. (27) . This requires a careful assessment of the uncertainty introduced by the radiative corrections δ c em (q 2 , θ) which can introduce sizable corrections to the rates in some regions of the phase space [19] . Besides the parameters corresponding to f + (q 2 ), for the muonic mode one should obtain from the fit (correlated) intervals for log C and sµ T . As it will be discussed in more detail below, for the electronic mode our framework must be pushed beyond the leading order in the EFT expansion to search for | Similarly to P 2(γ) , there is also a lepton-universality ratio in K 3(γ) constructed from the total rates in which most of the theoretical uncertainties cancel:
Ke em
and that is only sensitive to the difference of left-handed
D. Nuclear, neutron and hyperon β decay
The semileptonic decays of nuclei, neutron and hyperons are mediated by the same effective Lagrangian as the (semi)leptonic pion and kaons decays. We summarize here the aspects of these decays that offer the strongest synergies.
The most accurate value for |Ṽ e ud | is obtained from superallowed nuclear β transitions, in an analysis that also sets the most stringent limits on the non-standard scalar Wilson coefficient de S (via the Fierz interference term b F ) [47, 74] . Combining this |Ṽ e ud | determination with the |Ṽ e us | value obtained from K e3(γ) allows one to test CKM unitarity, which probes the following combination of WC [38] :
where we have neglected the contribution of |Ṽ e ub | 2 because its value is smaller than the current uncertainty in ∆ CKM [4] .
At the hadron level, neutron and hyperon β decays are weighed by different form factors.
For the SM contributions we have [75] :
while the (pseudo)scalar and tensor operators introduce new form factors [47, 75, 76] . The normalization of the decays, f 1 (0) |Ṽ uD |, leads to independent |Ṽ uD | constraints once a theoretical value for the "vector charge" of the transition, f 1 (0), is used (see e.g. Refs. [77] [78] [79] [80] [81] ).
The only effects of the right-handed currents D R in these decays enter hidden in |Ṽ uD |, cf. Eq (5), and in the axial form factors, like the "axial charge" of the transition, g 1 ≡ g 1 (0) (commonly denoted by g A in the case of the neutron decay) [47, 76] :
Thus, a bound on the right-handed current can be determined if any of the axial form factors is both measured and calculated in LQCD. This is indeed the case for g A , which has been measured precisely [82, 83] and for which there are ongoing LQCD efforts [84] , with results in the physical point currently at the few-percent level [85] [86] [87] . As recently pointed out in
Ref. [76] , our knowledge for the hyperon decays is far less advanced both experimentally and theoretically.
The nonstandard coefficients D S,P,T modify not only the total rate but also the kinematic distributions and polarization observables of the β decays [47, 76, 88, 89] . Strong bounds on de S,T have been obtained from global fits to various precise measurements in nuclear and neutron decays [39-41, 74, 90] , whereas somewhat weaker (but still nontrivial) bounds are expected for the pseudo-scalar term de P [89] . It is also worth noting that the muonic NPmodified CKM matrix element,Ṽ µ ud , and WC, dµ S,P,T , cannot be determined from β decays since the muon channels are kinematically forbidden.
The analysis of these contributions can be extended to semileptonic hyperon decays [76] .
Similarly to K 3(γ) , the chiral suppression of (pseudo)scalar and tensor operators implies that only the muonic case presents a non-negligible linear dependence on the WC. For instance, in Ref. [76] the following lepton universality ratio was studied:
where the coefficients R S,T depend of the decay channel [76] . The NP contributions to
L which can be extracted independently from K 3 decays, cf. Eq. (30) , so that measuring R B 1 B 2 in different channels allows to set bounds on sµ T,S at the few per-cent level, even though the old hyperon decay data set is used as input [76] .
New experiments and a comprehensive analysis of observables is needed to fully exploit the interesting degree of complementarity between hyperon and kaon decays.
IV. STRATEGY FOR THE GLOBAL ANALYSES
Having discussed all the (CP -averaged) observables appearing in P 2(γ) and K 3(γ) , and its complementarity with baryon decays, we will now outline a strategy to take into account all the information about NP one can extract from the experimental data, while summarizing also the theoretical inputs needed.
Only three of the four P 2(γ) ratios discussed in Sec. III A are independent and we need also to include in the analysis one total rate (controlling the overall normalization of the rates). We choose R π , R K , R µ and Γ(K µ2(γ) ). For the theoretical predictions we need f
and f K ± which are calculated accurately in LQCD, and the radiative corrections described in Sec. III A. The output quantities obtained are:
where the ∆ X are the combinations of the WC in Eqs. (11, 12, 15) .
, we have three (CP-averaged) channels for electron and muon, namely K ± , K L and K S . Since they are sensitive to the same short-distance physics, we can simply average over them (taking into account SM long-distance effects that affect them differently). The comparison of the output obtained in different channels (e.g. f + (0) |Ṽ us |) is a useful experimental crosscheck [1, 2] , but it does not provide any NP constraint in the EFT framework.
First, the kinematic distributions have to be fitted to a parametrization of the form factors and, also to sµ T using the LQCD determination for B T (q 2 ). For the muonic mode, one extracts sµ S comparing the experimental determination of log C with the value given by the CTT theorem and the lattice calculations of f + (0) and f K /f π , viz. Eqs. (24, 26) .
With the correlated results of these fits one calculates the spectral integrals I e K and I µ K , that are then used to extract f + (0) |Ṽ e us | and r µe from the electronic and muonic total rates, viz. eqs (28, 30), which then gives |Ṽ us | using as input the LQCD determination for f + (0). Schematically:
Note that, in general, and except for sµ S,T , the global analysis of P 2(γ) and K 3(γ) does not allow to determine each WC separately, but only certain combinations of them. Baryon β decays provide extra observables that can help to disentangle most of them individually.
For instance, including the determination of |Ṽ 
There are certain WC which cannot be determined individually using the low-energy data discussed thus far. For instance, the lack of experimental input for a lepton-universality ratio 
obtained from R π . Nonetheless, one gets access to these WC in muon-capture and inverse β-decay experiments, in which a few-percent experimental precision has been achieved. It would be interesting to investigate the potential of these processes to provide independent bounds on NP in the context of the EFT approach described here.
In addition, the WC in the following combinations:
are not determined individually. This can not be improved by adding other low-energy charged-current processes and the only way to access the orthogonal directions to these WC combinations is through the use of high-energy data, or neutral-current low-energy processes connected to those studied in this work due to the SU (2) L × U (1) Y symmetry in the EFT.
In Fig. 1 we present a flowchart describing the correlation among different low-energy As discussed in Sec. III C, this is the case of the WC se S,T , which are not constrained in a linear fit to the (semi)leptonic kaon decay data, and whose quadratic terms represent the leading NP contributions to the K e3 differential distributions. Indeed, this has been used by the ISTRA [64] and NA48 [65] Collaborations to set bounds on those WC. However,
none of these fits contain simultaneously the four relevant quantities, namely, the leading SM form-factors parameters λ + , λ + and both WC se S,T , and the correlations are not given either. The strongest bounds were obtained by ISTRA [64] in fits to λ + , λ + and one of the WC at a time, finding
where we have transformed the results in terms of the variables employed in that work,
, into those employed in this work.
On the other hand, as discussed in Sec. III A, In order to discard this other solution one would need an independent constraint on these WC that could be provided by β decays [76, 89] .
Finally note that if we allow for a complex CP-violating phase in the WC these two-fold degeneracies become circular in the complex plane of D P [47, 51] . 6 Finally, for completeness, we discuss the subleading operators (D > 6) in the low-energy EFT, i.e. operators with derivatives neglected in the effective Lagrangian of Eq. (1). These terms are corrections of order (q/v)
n (n ≥ 1) with respect to the non-derivative terms. In the SM they are generated with n = 2 at tree level (NLO terms in the W-propagator expansion) and are thus still unobservable in beta decays. An example of NP giving this type of contributions (with n = 1) are the dipole-type (D = 6) SU (2) × U (1)-invariant operators such as (¯ σ µν e)τ I ϕW I µν . Their effect will be then of order 10
which will be unobservable even for NP scales not much larger than the EW scale.
6 Any chiral-enhanced not-interfering term has the same consequences, e.g. operators with light righthanded [51, 92, 93] or "wrong-flavor" neutrinos [47] .
V. PHENOMENOLOGY
A. Inputs
Experimental
We summarize in Table I the experimental values used for our analysis. Now we discuss some non-trivial aspects of them:
• We calculate Γ(K µ2 ) using the latest Flavianet results for the corresponding BR and the lifetime [43] , and taking into account their 10% correlation [95] .
• K 3 shapes: We take the value of log C from the latest Flavianet update [43] and the tensor term for the muonic mode from the ISTRA+ analysis [63] . We assume these bounds will hold in a combined fit, and we neglect the correlations of log C, the tensor term and the phase-space integrals I K,0 . It should be straightforward to amend these limitations by the experimental collaborations.
• K 3 rates: We take the latest Flavianet results [43] for the product
, and taking into account their correlations [95] we average them to obtain the values |Ṽ Table I , which present a +52% correlation. Since the Flavianet extraction sets to zero the tensor term, these numbers are still missing the contribution from the tensor phase space integral, cf. Eqs. (28)- (29), which we denote in Table I with 
where we have simply used that the total phase space integral is given by
using the Flavianet determination of I µ K,0 and B T (0)/f + (0) from Ref. [96] .
• Nuclear β decays: Current studies of superallowed nuclear transitions contain a SM analysis where V ud is extracted, finding |Ṽ e ud | = 0.97417 (21) , and a NP analysis where the Fierz term b F is bounded, b F = −0.0028(26) [74] . In our framework we need a combined extraction of both quantities. Assuming a Gaussian χ 2 we can reconstruct the outcome of such a fit. For this reconstruction we use that the minimum of the 2-parameter fit is {Ft, b F } = {3070.1 s, −0.0028} [97] , where Ft is the so-called "cor- .
These results should be taken with caution, keeping in mind their reconstructed nature.
Ideally, in the future they will be given in this format, where it is trivial to recover the SM limit setting b F = 0. Let us remind that
, where g S is the corresponding scalar form factor (see e.g. Ref. [89] ).
• Neutron β decays: We use the PDG average for the axial charge g A . Let us notice that this determination, which comes typically from the measurement of the neutron β asymmetry A, assumes the SM is correct, whereas in our EFT framework it provides a g A value modified by scalar and tensor interactions (in addition to d R ). However, given the current bounds on de S,T , these effects can be neglected in comparison with the error of the lattice g A determination, which by far limits the d R bound. And the same applies to the hyperon axial charge g 1 .
• Hyperon β decays: In contrast to g A , the axial-charges in the hyperons decays, g 1 , are measured with a relative uncertainty not better than 2% [4] . The best precision is achieved in Λ → pe −ν that we will use as a reference for the extraction of s R in the fits. As discussed in Sec. III D, the hyperon decays also provide independent limits on the scalar and tensor muonic WC from the lepton-universality ratio in Eq. (34).
The current bound on the tensor WC, sµ T = −0.017(20) (1σ) [76] 7 , is only 4 times less precise than the one obtained from the shapes of K µ3 and does not depend on the assumptions described above for this mode.
Theoretical
We summarize in Table II the theory input for our analysis. Some comments are in order:
• Using the expression in Eq. (10) The scale/scheme-dependent quantities are given in the M S at µ = 2 GeV. • We use FLAG averages (with N f = 2+1) [5] for both f K ± /f π ± [99] [100] [101] and f + (0) [102, 103] .
• The experimental value of f π is often used to set the scale in the LQCD calculations.
Within the SMEFT setup this is not convenient because one propagates the NP contribution ∆ π µ2 onto all the dimensionful quantities determined thereafter in the lattice. Namely, the corresponding determination of f K makes Γ(K µ2(γ) ) not sensitive to ∆ K µ2 , but only to ∆ K/π µ2 , i.e. the direction already probed by the R µ ratio. Thus, it is better to use determinations where an observable dominated by strong dynamics is used to set the scale. Among the determinations passing the FLAG requirements [5, 98, 99, 101] we choose for our fit the MILC09 calculation as it already includes the isospin corrections, f K ± = 154.3(0.4)(2.8) MeV [98] . Notice that this caveat also holds in a global SM analysis of K 2 and π 2 data, since using the experimental value of f π to set the QCD scale entails the loss of one of the experimental inputs.
• Using the values in the Table II we find log C QCD = 0.2073 (84) . The correlation between this number and the quantities f K ± /f π ± and f + (0) is taken into account.
• There are a few recent N f = 2 LQCD calculations of axial charge of the nucleon at the physical point [85] [86] [87] . We use g A = 1.24(4) [85] .
• There are no computations of the axial charges for the semileptonic ∆S = 1 hyperon decays in the lattice yet, although pioneering calculations of the ∆S = 0 ones of the Σ and Ξ baryons have been reported [104] [105] [106] . Taking the results in Ref. [105] (and g A from Ref. [85] ), we obtain g Σ = 0.91(4) and g Ξ = −0.25 (3) . These can be connected to the ∆S = 1 couplings using SU (3) F , which is known to work empirically at few-percent accuracy for these quantities (see discussions in Refs. [88, 107] ). We obtain g 1 /f 1 | Λp = 0.72 (7), where we have conservatively estimated SU (3)-breaking corrections by a 10%. Needless to say that the situation could be improved with direct LQCD calculations of these couplings.
B. Fit
Using the experimental and theoretical inputs listed in Tables I and II, and treating 
in the M S scheme at µ = 2 GeV. Let us remind the reader that ∆
The correlation matrix is given by: 
Exploiting now the unitarity of the CKM matrix as explained in Sec. IV, trading |Ṽ e us | for ∆ CKM , we obtain: 
We observe good agreement with the SM, with marginalized limits varying from the 10
level for the pseudoscalar couplings in the electronic channel (due to the chiral enhancement) to the per-cent level for the right-handed couplings (due to the limited lattice precision in the axial-vector form factors).
We observe also that the combinations of WC {∆ d LP ,
de P } and { se P , sµ P } are highly correlated, which simply reflects the fact that the specific combination of them that appears in R π and R K respectively is much more constrained than the individual WC. This is illustrated by the limits obtained when the only non-zero NP couplings are the pseudoscalar couplings in the electronic channel: [108] [109] [110] [111] [112] as in Ref. [46] .
We complete the numerical discussion with the uncorrelated bounds that are obtained from π e2γ , Eq. (18), and including quadratic effects in the Dalitz plots of K e3 , Eq. (41):
in the M S scheme at µ = 2 GeV. Here we have used the result in Table II for B T (0)/f + (0).
An application that particularly highlights the virtues of the EFT framework developed in this work is the |V us | − |V ud | plot that illustrates the consistency of K 3 , K 2 /π 2 and nuclear-β-decay determinations [91] . Interestingly enough, although the values of |V ud | and |V us | currently extracted from nuclear β decays an K 3 are in perfect agreement with unitarity, a small "misalignment" with the K 2 /π 2 bound is observed [5, 6, 43] .
In the general EFT setup, and if we focus on the electronic channel, this plot represents a projection of the global fit discussed earlier into the |Ṽ In Fig. 2 we show current experimental constraints on the |Ṽ Nonetheless, this effect has a small significance, as reflected by the consistency of the data with the SM in our global fit discussed in the previous section. We see that this precise test of the SM, obtained thanks to the small experimental and theoretical uncertainties achieved in these processes, currently allows one to probe O(100) TeV scales.
Let us stress that Fig. 2 is obtained from our global fit, with all NP terms present, which makes the horizontal and vertical error bands wider. The traditional V ud − V us plot is recovered if the only NP terms present are those probed in this plot, i.e. ∆ CKM and ∆ K/π µ2 . That allows one to combine K e3 and K µ3 SM extractions ofṼ us and to use the SM analysis of Ref. [74] for V ud , c.f. Eq. (44). In that limit, the sensitivity to ∆ CKM and ∆ K/π µ2 is of course stronger, and a larger (though still not significant) tension arises in the plot [5, 6, 43] .
Needless to say, one could have plotted instead the bound obtained from K µ2 /π µ2 , with the only difference that the combination of WC probed in that case is longer, involving also left-handed i to connectṼ 
C. Minimal Flavor Violation and SM limits
If the flavor symmetry U (3) 5 is respected, all NP terms vanish except those contaminating the CKM matrix elements, which in this case become lepton-independent [38] . This NP flavor structure occurs if flavor breaking is suppressed by a mechanism such as Minimal Flavor Violation. Thus, the MFV analysis and the SM one (without imposing CKM unitarity) are equivalent. In this case we find:
where the tildes in the left-hand side apply only to the MFV case. The only NP probe left is then the CKM unitarity test [38] :
In a SM analysis where the CKM unitarity is imposed, this NP term is set to zero, reducing the error in the matrix elements:
Last but not least, we stress that our fit contains also the various QCD quantities as outputs.
In the general EFT case, they are trivially equal to their lattice QCD values that we use as inputs, since the fit is not overdetermined. On the other hand, this is not the case in the SM limit, where experimental data do complement the lattice calculations [2] , giving 
Fig . 3 shows these results, and compare them with the bounds obtained using only LQCD [5] or only experimental data, finding a good agreement.
FIG.
3. 68% C.L. regions for f K ± /f π ± and f + (0) using only LQCD [5] , only experimental data (in a SM fit) or using both.
The framework developed in this work is explicitly designed to make use of all the experimental information available in (semi)leptonic kaon and pion decays. In addition to the usual input of any analysis where V ud and V us are extracted (that is, K 3 , K µ2 /π µ2 and β decays), our fit takes into account two more pieces of information. First, it includes the K µ2(γ) rate that, along with a lattice determination for f K ± , offers an additional handle on V us . Secondly, we incorporate the CTT constraint in our fit, which, combined with the experimental determination of log C, provides an extra handle on f K ± /f π ± and f + (0); namely (12) . Indeed, this is part of the information that made possible the determinations shown in Eq. (54) . Although the CTT has been used before as an LQCD/ChPT check and as a NP probe (see e.g. Ref [2] ), it was not taken into account in the V uD extractions. As a consistency check, we have used our fitting code with the inputs of a few well-known SM analyses and, as shown in Table III , we reproduce very well their corresponding results.
The only difference between our SM analysis and that of Ref. [43] is the inclusion of the additional inputs discussed above, i.e. K µ2(γ) and the CTT. Thus, the comparison with it shows clearly that their numerical impact on the V ud and V us values is very small. This is due to the not-precisely-enough values of f K ± , log C expt and ∆ CT . In fact, with the lattice values used in this work we find f K ± /f π ± × 1/f + (0) = 1.234 (7) . Let us stress that the use of K µ2(γ) and CTT was, however, critical in the general NP analysis presented in the previous section.
VI. SMEFT AND COMPLEMENTARITY WITH COLLIDER SEARCHES
In order to connect the experimental bounds on the WC obtained at low-energies with those generated by NP models at a high-energy scale, one needs to take into account the running and mixing under radiative corrections of the corresponding operators.
At the same time, such scale evolution allows one to make contact with the high-energy SMEFT. Employing this EFT as in intermediate step before connecting to specific models is convenient for several reasons. First, it is constrained by the more restrictive EW gauge symmetry group which leads to model-independent relations among the WC that are not present in the low-energy analysis (viz. Eq. (3)) [38, 44] . In addition, and due again to SU (2) × U (1), the SMEFT Wilson Coefficients enter not only in the processes studied in this work but also in other low-energy charged-current or neutral current processes involving first-and second-generation fermions, so that an interesting degree of complementarity is expected with charm-hadron (semi)leptonic decays, rare kaon decays, etc.
Last but not least, the SMEFT makes possible to study model-independently the interplay between the low-energy measurements discussed in this work and NP searches at colliders.
Although such studies are clearly beyond the scope of this work, in this section we show the potential of this approach through some illustrative and simple examples.
A. RGE running and matching to the SMEFT As explained in Sec. II, (pseudo)scalar and tensor WC run under QCD and, moreover, they mix through EW interactions. We take both effects into account integrating the coupled differential renormalization group equations:
where, once again, (µ) = ( 
where one can see an important mixing between tensor and (pseudo)scalar, which is simply the result of having large coefficients in the corresponding entries of the electroweak anomalous dimension matrix of Eq. (8).
These results can be trivially used to run the bounds to the high scale:
2.3 ± 6.5
3.1 ± 6.2
in the M S scheme at µ = 1 TeV. The corresponding correlation matrix is given in Appendix A. The mixing between operators produces larger diagonal errors for the pseudoscalar WC and induce very large non-diagonal entries. As explained before such large correlations reflect the fact that certain WC combination are much more constrained than the individual couplings.
With the values of the i expressed at the high-energy scale, one can now translate them into determinations of the WC of the SMEFT, that we will denote as α i . The (tree-level)
matching equations between the low-energy EFT and the SMEFT are [38] :
where we labeled the quark generations with numbers, and introduced, for simplicity, [47, 115] , as we will discuss in Section VI C. However, for d R this is not the case, as it is generated by non-standard W couplings to right-handed quarks. The (semi)leptonic decays studied in this paper provide clearly a unique probe for these operators without competitors in the collider frontier.
Finally, in the matching equations of Eq. (58) we used the basis of operators employed in Ref. [38] , which was a modified version of the seminal Buchmuller-Wyler basis [42] with the relevant redundancies (and the addition of one missing operator) properly taken care of. 8 Additional redundancies in other sectors of the Buchmuller-Wyler basis (not relevant for semileptonic quark decays) were later identified in Ref. [117] , where the first minimal and complete SMEFT basis was derived. In the sector relevant for our work, this so-called Warsaw basis is in fact very similar to the one of Ref. [38] used in this work, up to some numerical factors and conventions. In particular, in these bases the equations of motions were not used to remove any operator containing fermions in favor of purely fermionic operators, which would introduced some complications in our flavor general analysis. 8 One redundancy was not eliminated on purpose (either O
ll or O
ll ), so that each operator is proportional to the unit matrix in the U (3) 5 -symmetric case [38] . The Warsaw basis [117] chooses instead to keep only the operator O
ll , which in the U (3) 5 -symmetric limit has two independent flavor contractions.
B. MFV limit
Once again it is interesting to have a look at the U (3) 5 -symmetric limit, which is in practice equivalent to the MFV case. In that limit we recover the result obtained in Ref. [38] ,
The bound on this combination of WC from (semi)leptonic hadron decays, ∆ CKM = −(4.6 ± 5.2) × 10 −4 , c.f. Eq. (52), corresponds to an effective scale Λ > 10 TeV (90%CL). As shown in Ref. [38] , such bound is much stronger than the limit obtained from the combined analysis of LEP and other EW precision observables. Thus, it is an important input for global EFT fits performed in this limit [118, 119] . 9 Finally let us notice that this is even more the case if a non-linear EFT framework is used, since more operators have to be considered [120] .
C. Bounds on scalar and tensor interactions
If the new particles are too heavy to be produced on-shell at the LHC we can connect collider searches with low-energy processes in an elegant model-independent way using the SMEFT [47, 115] . Since we are interested in non-standard effects in semileptonic D-quark decays, D → u ν, the natural channel to study at the LHC is pp → + MET + X, since this process is sensitive at tree level to non-standardūD → ν partonic interactions. The comparative analysis between the bounds from nuclear β decays and the LHC for WC involving the d-quark was performed in Refs. [47, 115] . The study was extended to the hyperon β decays for the operators involving the s-quark in Ref. [76] , and we extend it further here by comparing the LHC bounds and those obtained for s S,T from K 3 . First we briefly explain how the LHC bounds were obtained in Refs. [47, 76, 115] . By using the matching relations in Eqs. (58) , one can express the cross-section σ(pp → + MET + X) as is modified by non-standardūs → ν partonic interactions:
9 Ref. [119] does not work in the U (3) 5 -symmetric case, but in a more restrictive scenario, since the two independent contractions of flavor indices allowed by the U (3) 5 symmetry for the operator Q (corresponding to α (1) ll and α
ll in our basis) are controlled by one single coefficients C in that work.
where σ W (m T ) represents the SM contribution and σ S,T (m T ) are new functions, with transverse mass higher than m T , which explicit form can be found in Ref. [115] . The crucial feature is that they are several orders of magnitudes larger than the SM contribution, what compensates for the smallness of the NP couplings and makes possible to put significant bounds on them from these searches. Thus, comparing the observed events above m T with the SM expectation we can set bounds on s S,T . Some caveats are in order. First, it is important to note that the dependence of the cross section (60) on the WC is quadratic. We assume that contributions from SMEFT dimension-8 operators can be neglected, which is expected to happen for a broad class of NP models (see e.g. Ref. [121] ). And secondly, this cross section is sensitive to a plethora of other dimension-6 effective operators, some of them interfering with the SM, which make possible the appearance of flat directions that we neglect here. It is worth stressing that these assumptions were not necessary in the low-energy fit. We repeat the same analysis here for the muonic channel pp → µ ± + MET + X [122] , where good agreement is also observed between data (3 events above m T = 1.5 TeV) and SM (2.35 ± 0.70 events), obtaining the bound shown in Fig. 4 (right panel). The terms σ S,T were calculated using the MSTW2008 PDF sets evaluated at Q 2 = 1 TeV 2 [123] . Further details can be found in Ref. [115] . The running of the limits from 1 TeV to 2 GeV is performed using the QCD+EW RGE, c.f. Eq. (56).
The figure shows also the limits obtained in Ref. [76] from the R B 1 B 2 ratio in Eq. (34) and the existing data in several semileptonic hyperon decays, and the limits obtained in this work from the global analysis of D → u ν processes. Needless to say, this interplay becomes much more interesting if a discrepancy with the SM is found. This was illustrated in Ref. [47] assuming the presence of a scalar resonance at the LHC that, in our case, could be detected as a nonzero s S in K 3 (or a non-zero pseudoscalar/tensor coupling due to the RGE mixing).
VII. CONCLUSIONS
In this paper we introduce a global model-independent analysis of NP in the D → u ν transitions (D = d, s; = e, µ) in the context of the SMEFT. We do not assume any flavor symmetry and we keep all possible NP operators at the same time. Special attention is paid to the (semi)leptonic kaon decays where such a comprehensive and systematic analysis of NP was lacking, and we study the complementarity with pion decays and nuclear, neutron and hyperon β decays. The latter become necessary since one can not discriminate among all different possible NP effects using only pion and kaon decay observables. This is not only relevant for the determination of |Ṽ e ud | but also for singling out the effects of NP contributions from right-handed currents. In this sense, future analyses would greatly benefit from a better understanding of neutron and hyperon properties such as g A and g 1 .
Besides providing a road map for future tests of the SM using all these processes, we provide numerical results of a fit using current experimental data and lattice QCD results.
Our analysis includes the MFV and the SM limit as a specific case. In fact our output are not only the bounds on the various WC, but also the V us and V ud elements, and includes various QCD form factors parameters. In the SM limit we recover the most precise determinations of them, with small improvements due to the inclusion of the individual rate of K µ2 as a separate input and the Callan-Treiman theorem.
We find that these decays are sensitive to NP with typical scales of several TeV, especially in the case of a pseudoscalar contribution to P ± e2 (P = K, π), which is ruled out up to scales as high as O(100) TeV. To make this connection to the high-energy scale more explicit, we properly accounted for the operator running and mixing under the QCD and EW interactions, we expressed the low-energy bounds in the context of the SMEFT and provided their value at 1 TeV. Our results can then be matched straightforwardly to any specific NP model. Very large correlations appear between different WC, which should have non-trivial implications for the chosen model. Finally, as illustrated with a few simple cases in this work, the matching with the SMEFT opens the possibility for powerful synergies between these decays and searches of NP at the LHC. 
